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Abstract. We model synchrotron and inverse Compton flares in blazars from radio to X-rays and gamma-rays. We take
into account the internal structure and geometry of the source (energy stratification) caused by particle acceleration at shock
wave fronts and synchrotron energy losses. We also consider the effects of light-travel time of the synchrotron emission that
supplies the seed photons for synchrotron self-Compton scattering. These internal light-travel delays may lead to a lag of the
higher energy flare with respect to variations at lower frequencies. In the model, a flare in the jet follows a collision between
moving and stationary shocks. The collision leads to the creation of forward and reverse shocks, both advecting down the jet
along with the shocked plasma, but moving in opposite directions in the shocked plasma rest frame. The double shock-wave
structure of the emission region could be apparent in the flare profile and can provide an explanation for large time delays

between synchrotron and inverse Compton flares.

SHOCK COLLISIONS

Instabilities in the inner portions of the accretion disk
may lead to a deposition of large amounts of energy at
the base of arelativistic jet. The speed of the deposited
high energy plasma increases while its internal energy
is converted into bulk kinetic energy. If the speed of
the fast flow exceeds the sound speed in the quiescent
plasma rest frame, the information about the incoming
fast fbw cannot be transmitted by sound waves in the
quiescent flow. This leads to a pile-up of the quiescent
plasma in front of the fast fow and the formation of a
shock wave that separates the piled-up material from the
quiescent fow. Similarly, the presence of a dlow fow in
front of the fast plasma will lead to the formation of
a compression wave propagating into the fast plasma.
This compression wave may steepen into ashock waveif
the speed difference between fast and slow fow is large
enough. A contact discontinuity separates the fast flow
and the formerly quiescent material that has been piled-
up in front of it. Thus, introduction of energetic plasma
into the jet leads to the formation of arelativistic shell of
compressed material propagating downstream.
Interaction of a relativistic jet with the ambient
medium surrounding the jet may lead to the formation of
stationary shock wavesinthejet [1]. If the pressurein the
jet is higher than that of the ambient medium, the jet will
expand and then over-expand dueto inertia. The pressure
of the jet will eventually drop below that of the ambient
medium which will launch a set of compression waves
into thejet. Duetothereativistic nature of thejet one can
expect the compression waves caused by pressureimbal-
ance with the external medium to steepen into a system

of oblique shock waves. Under the infuence of the exter-
nal medium the jet begins to contract, causing the pres-
sureinsideit torise. Eventually it will exceed the outside
pressure, once again causing the repetition of the cycle.
The system of oblique shocksis expected to terminate at
the center of the jet with a shock wave normal to the jet
fow called aMach disk [2]. The oscillating nature of the
jet interaction with the surrounding medium may lead to
multiple repetitions of the pattern of oblique shock waves
and Mach disk. However, if the pressure in the surround-
ing medium drops with distance from the central engine,
the oscillation will be damped quickly, perhaps leaving
the fi rst system of stationary shock waves the dominant
featurein the quiescent jet on parsec scales.

We propose that fast term variability of blazars (on a
time scale of daysto weeks) can be caused by collisions
between moving and stationary shock waves. The col-
liding shocks may be treated as shells [4]. The problem
isfairly straightforward in the case of the moving shock
sinceit is essentially a 1D structure. The Mach disk, on
the other hand, isintrinsically 3D and the structure of the
fow past the Mach disk must depend on the properties
of the oblique shocks. The Mach disk slows down the
highly relativistic upstream fow to a mildly relativistic
speed (v < ¢/+/3, where c/+/3 isthe speed of soundin a
fully relativistic plasma). Most of the bulk kinetic energy
of the flbw going through the Mach disk is convertedinto
internal energy of the plasma. A fraction of this energy
is radiated away as synchrotron emission, giving rise to
adtationary featurein therelativistic jet that can beiden-
tifi ed with the radio core [1]. However, most of this in-
ternal energy will drive the re-acceleration of the bulk
fow of the plasma. The shell associated with the Mach



disk is confi ned between the shock itself and the approx-
imate position of the onset of expansion downstream of
the Mach disk.

The collision of two shells leads to the formation of a
characteristic doubly structured emission region consist-
ing of two zones separated by a contact discontinuity and
confi ned between two transmitted shocks (forward and
reverse shocks). Emission from each zone will produce
a fhre that starts at the moment of collision and ceases
when the relevant shock reaches the boundary of the
emission zone, whose position depends on the thickness
of the shells. The bulk plasma speed and pressure are
continuous across the contact discontinuity. The speed
of the shocked plasma is determined by the speed of the
moving shock and the quiescent fbw (the Mach disk is
assumed to be stationary). We derived an approximate
formulafor the Lorentz factor of the shocked plasma:

where I's isthe Lorentz factor of the moving shock front
and T q isthat of the quiescent flow upstream of the Mach
disk. One can seethat in order to achieve ™ , = 10 for the
shocked material, I's = 200 is required if ['q = 10. Such
high speeds are not unusual in gamma-ray bursts[3] and
could occur in active galactic nuclei. Shocked plasma at
I"p ~ 10 may beidentifi ed with the superluminal features
one can see emanating from theradio corein multi-epoch
VLBI images. A collision with an energetic shock wave
is likely to destroy the Mach disk, but the stationary
structure is expected to re-establish itself quickly after
the passage of a moving shock.

INTERNAL STRUCTURE AND LIGHT
TRAVEL EFFECTS

Synchrotron emission from both forward and reverse
zones can be calculated separately for optically thin fre-
guencies of observation. The observed flux during the
fere is obtained from solving time-dependent radiative
transfer equations through the highly inhomogeneous
evolving medium consisting of relativistic particles ac-
celerated by a shock wave. Electrons accelerated to the
highest energies by the shock wave radiate away their
energy and begin to decay as soon as they |leave the ac-
celeration region at the shock wave front. Thisintroduces
a strong gradient in the distribution function of the ac-
celerated particles across the excitation region. Further-
more, emission produced at the near side of the source
will reach the observer earlier than the emission pro-
duced at the far side of the source. These light travel de-
lays must be taken into account in solving the radiative
transfer problem in order to calculate the observed flux
correctly.
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FIGURE 1. External apparent shock wave structure for
viewing angle 6 in the plasma rest frame. The axis of the jet
corresponds to the z-axis. The external observer is assumed to
be in the y-z plane. The forward region shown is assumed to
be a cylinder oriented along the jet axis. A cross-section of the
excitation region is shown.
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FIGURE 2. Internal apparent shock wave structure as
viewed from an arbitrary point P inside the source. A cross-
section of the excitation region parallel to the y-z axis is shown.
The distance between point P and the internal apparent shock
position at an arbitrary angle 6 to the z-axis depends upon the
travel time from this position to point P.



The forward region is shown in Fig. 1 with a dashed
outline. The solid line indicates the orientation of the ap-
parent shock wave front as seen by an observer at view-
ing angle O in the plasmarest frame. The near side of the
source (bottom in Fig. 1) is shown to be fully excited,
whereas signifi cant portions of the far side of the source
(top) have not yet been reached by the apparent shock
front because of light travel delays across the excitation
region. The gray-scale gradient across the region of the
source covered by the apparent shock correspondsto the
gradient in the maximum energy of the accelerated elec-
trons producing synchrotron emission, Enax = YaxMeC?,
where m is the mass of electron. Higher energy syn-
chrotron emission arrivesfrom darker regions; lighter ar-
eas correspond to lower energy emission.

Calculating inverse Compton emission presents the
greatest diffi culty when light travel effects are fully in-
cluded in the modeling. Besides external light travel ef-
fectssimilar to those considered in the synchrotron emis-
sion calculation, one has to consider the internal light
travel effects as well. In the synchrotron self-Compton
model, synchrotron emission produced in the source pro-
vides the seed photons for the inverse Compton scatter-
ing. Synchrotron emission at agiven location in the exci-
tation region at a particular time arrives from the volume
of the source bounded by the internal apparent shock
front, an example of whichisshownin Fig. 2. Thetravel
time across the excitation region is comparable to the
shock wave crossing time and, therefore, the synchrotron
seed photons may arrive at agiven location with asignif-
icant time delay that may trandate into a time delay of
the observed inverse Compton flare compared to its syn-
chrotron counterpart. The effect is even more signifi cant
if synchrotron emission from the adjacent region is in-
cluded (adjacent region is not shown in Fig. 2).

MODEL PROPERTIES

We have developed a code that simulates the observed
emission for a set of input parameters that describe the
emission region geometry, shock wave speed, distribu-
tion of accelerated electrons, and the observer distance
and viewing angle. For the sake of simplicity we consider
the properties of the light curves in the rest frame of the
emitting plasmain this section. The observed light curves
can be calculated easily from the plasma rest frame re-
sults provided that the speed of the shocked plasmarl p
and the redshift of the active galaxy hosting the jet are
specifi ed. The light curves depend strongly on the angle
of observation. In this paper we only consider a view-
ing angle 8 = 90° in the plasmarest frame. Thisviewing
angle maximizes the apparent speed of the superluminal
components for a constant bulk Lorentz factor of the jet
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FIGURE 3. Synchrotron light curves for viewing angle 6 =
90° in the plasma rest frame. The rest-frame frequencies of
observation used are 2 x 1010Hz (dot-dashed), 2 x 1011 Hz
(solid), and 2 x 1012 Hz (dashed). The evolution of the spectral
index a, defined as F,, 0 v, is shown in the bottom panel.

Ip. Due to the highly relativistic speed of the emitting
plasma, the viewing angle of 90° corresponds to a very
small angle of observation 6’ = 1/I, in the observer
frame, whichfor M, = 10is 6’ =~ 6°.

We present the results of the synchrotron emission
calculations in Fig. 3, showing normalized fux at three
representative frequencies as a function of the observer
time t,, normalized by the apparent crossing time tqc.
For 6 = 90° the apparent crossing time is

tac = 2R/c+H/(cB), 2

where 3 is the speed of the shock in the plasma rest
frame. The shapes of the observed light curves can be
understood by comparing the apparent crossing time tac
and the synchrotron emission decay time,

on_ 1-8x108sec (vmax)l/z
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where B is magnetic fi eld strength, Wax is the maxi-
mum L orentz factor of electron distribution, and Vimax =
C,BYZax (¢, = 2.8 x 10%in cgsunits). If the decay timeis
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FIGURE 4. Inverse Compton light curves for viewing angle
6 = 90° in the plasma rest frame. The frequencies used are
2 x 101 Hz (dot-dashed), 2 x 101 Hz (solid), and 2 x 102°Hz
(dashed).

much greater than the apparent crossing time, then the
synchrotron flare appears highly asymmetric with rel-
atively fast rise time and long exponential decay. The
feres are symmetric if the reverse is true. Indeed, for
a short decay time the emission region is confi ned to a
fi nite volume behind the apparent shock wave front. In
this case the observed flre will trace the geometry of
the source as it is being traversed by the apparent shock
front. The geometry isroughly circular for viewing angle
6 =90° (seeFig. 1). Haresat relatively high frequencies,
i.e., larger than the critical frequency defi ned by t, = tac,
are expected to peak at ~ 1/2t,c asthisisthe time when
the extent of the excited region isthe largest at these fre-
guencies. At low frequencies the flres are expected to
grow until t., . ~ tac because the excited region fi lls up
the whole source behind the apparent shock front. The
emission at low frequencies grows with the increasing
volume of the excited region.

Inverse Compton flares are presented in Fig. 4 along
with the spectral index evolution during the flere. The
decay time of the inverse Compton emission cannot be
defi ned as easily as in the case of the synchrotron emis-
sion because it not only depends on the electron en-

ergy distribution but also on the incident spectrum of
the internal synchrotron emission whose properties de-
pend strongly on position in the source, direction, and
time. Nonetheless, assuming that the incident emission
extends up to the highest possible frequencies for the
maximum ymax, one can use the following expression for
the inverse Compton decay time:
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Thebasic behavior of theinverse Compton light curvesis
similar to that of synchrotron emission. However, inverse
Compton flres tend to be symmetric even at relatively
low fregquencies because the flres are quenched quickly
due to fast decline in vyax when the internal apparent
shock leaves the excitation region and the maximum
energy electrons are no longer produced. Depending on
the frequency of observation, both negative and positive
time delays between synchrotron and inverse Compton
flres can be observed.

Emission from both forward and reverse regions will
be a combination of two flares. For the viewing angle
6 = 90°, the flres are indistinguishable if the emission
regions are described by identical sets of input param-
eters. Any difference in electron density n or minimum
Lorentz factor of electrons y;,;,, will not affect the shapes
of theflres but the peak levels of emission will be differ-
ent. However, changing the extent of one of the emission
regions along the jet axiswill result in different crossing
timesfor thisregion. In this case, one event, i.e., a shock
wave collision, will lead to a profi le of both synchrotron
and inverse Compton emission consisting of two peaks
with different time scales. In particular, the model pre-
dicts that a profi le consisting of a relatively sharp spike
of emission followed by a prolonged outburst may occur.
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